The origin of the martensitic transition in the magnetic shape memory alloy Ni-Mn-Ga has been widely discussed. While several studies suggest it is electronically driven, the adaptive martensite model reproduced the peculiar nonharmonic lattice modulation. We used femtosecond spectroscopy to probe the temperature and doping dependence of collective modes, and scanning tunneling microscopy revealed the corresponding static modulations. We show that the martensitic phase can be described by a complex charge-density wave tuned by magnetic ordering and strong electron-lattice coupling. DOI: 10.1103/PhysRevLett.115.076402 PACS numbers: 71.45.Lr, 78.47.-p, 81.30.Kf, 81.70.Fy Magnetic shape memory alloys present a new type of multifunctional materials, which display strong coupling between the magnetic and structural degrees of freedom. The ferromagnetic Ni-Mn-Ga alloy serves as a prototype system, displaying a giant 12% magnetic-field-induced strain in its low-temperature (T) martensitic phase (M phase) [1, 2] . Since in Ni-Mn-Ga the M-phase transition can be tuned far above the room temperature by changing stoichiometry or doping [3, 4] , this alloy is of special technological interest [1, 2, 5] .
Magnetic shape memory alloys present a new type of multifunctional materials, which display strong coupling between the magnetic and structural degrees of freedom. The ferromagnetic Ni-Mn-Ga alloy serves as a prototype system, displaying a giant 12% magnetic-field-induced strain in its low-temperature (T) martensitic phase (M phase) [1, 2] . Since in Ni-Mn-Ga the M-phase transition can be tuned far above the room temperature by changing stoichiometry or doping [3, 4] , this alloy is of special technological interest [1, 2, 5] .
The rich phase diagram of Ni 2þxþy Mn 1−x Ga 1−y is characterized by a complex sequence of phase transitions. In its high-T (austenite) phase, Ni-Mn-Ga has a cubic L2 1 Heusler structure. At the M-phase transition temperature T M , the lattice undergoes a transformation, which can be described by a periodic shuffling of (011) planes along the ½011 direction [6] . Depending on the stoichiometry and the residual stress, the resulting low-T M phase is commonly found to have either tetragonal or orthorhombic symmetry, with a modulation period of ten (10M) or 14 (14M) atomic layers [6, 7] , respectively. For specific stoichiometries, e.g., Ni 2þx Mn 1−x Ga with x ≲ 0.1, a premartensitic phase (PM phase) is observed above T M [3] with the transition temperature T PM up to 50 K above T M [3, 8] . In the PM phase, the lattice displays a harmonic threefold modulation with the wave vector q PM ¼ q max ð Inelastic neutron scattering studies of the high-T cubic phase [9] showed a dramatic softening of the TA-2 phonon branch at q PM , indicative of a Kohn anomaly. These observations [9] [10] [11] [12] , together with the observed opening of a pseudogap at T PM [8, 13] , suggest an electronic instability within the Peierls scenario to be driving the PM-phase transition. The observation of a phase mode in the 10M phase [14] also suggested the electronic instability. In fact, the electronic band structure studies [11, 15, 16] revealed the possible Fermi surface nesting conditions for all of the observed structural modulations. However, for the case of the 14M martensite, it was argued that the modulated phase can be constructed from nonmodulated martensitic unit cells [17, 18] . This adaptive martensite scenario [17] [18] [19] recently received considerable attention.
To determine which theory gives a more appropriate physical picture of the phase transition in Ni-Mn-Ga, we applied femtosecond time-resolved spectroscopy combined with scanning tunneling microscopy (STM) on a series of undoped and Co-doped Ni-Mn-Ga films. Alloying with cobalt results in a shift of T M far above room temperature and is thus of vital importance for technological applications [20] . While STM provides direct access to static structural modulation, the bulk sensitive femtosecond optical spectroscopy is particularly useful for studying low-energy collective excitations, like Raman active phonons [21] or amplitude modes of charge-density wave (CDW) systems [22] [23] [24] [25] .
In this Letter, we demonstrate the existence of collective modes in the 14M phase that stem from the coupling of the lattice to the underlying electronic instability. We show that the stacking sequence recorded by STM, which is close to the structure proposed by the adaptive martensite scenario [17, 18] , can be consistently explained by the higher-order coupling between the electronic order and the lattice. Strong support for this scenario is provided by the data obtained on films lightly doped with cobalt. In Ni-Mn-Ga-(Co), the STM data reveal a change in the modulation periodicity, which manifests itself by a dramatic change in the collective mode's eigenfrequencies. This indicates the importance of magnetic ordering on the electron-lattice coupling and the resulting structural transformation.
Ni-Mn-Ga thin films of various compositions were investigated [26] . All samples were characterized by XRD, EDX, and SQUID measurements. Additionally, some samples were investigated by STM. In order to reach atomic resolution, the surfaces of the samples were treated in ultrahigh vacuum (labeled with the letter "S" [26] ).
Time-resolved reflectivity dynamics at 800 nm were recorded in two configurations [26] , providing access both to the q ¼ 0 modes in the terahertz range as well as to long wavelength acoustic modes via acoustic echoes [21, 29] . Figure 1 shows the T dependence of the transient reflectivity over the first 10 ps recorded on sample B2 (Ni 51.0 Mn 23.4 Ga 25.6 ) and the Co-doped sample C1 (Ni 47.9 Mn 25.5 Ga 23.6 Co 3.0 ). In both samples, no highfrequency modes are observed in the austenite phase, which is consistent with the absence of optical phonons below ≈4 THz [9] .
In sample B2, the high-frequency oscillations can be observed in both the M phase and the PM phase. A fast Fourier transform (FFT) of the low-T data in Fig. 1 (c) reveals a strong mode at ≈1.4 THz and a distinct shoulder towards lower frequencies. In Co-doped samples [ Fig. 1(b) ], the M phase is also characterized by the oscillatory response, however with dramatically different mode frequencies. As elaborated below, these q ¼ 0 modes are coherently excited collective modes (amplitudons) of the system [22, 23] . Figure 2 shows the T dependence of the FFT spectra for samples B2 and C1, together with the extracted mode frequencies for several undoped and Co-doped samples. In the PM phase (observed only in near stoichiometric B2 and B3), the mode at ≈0.8 THz is observed above T M , displaying strong softening upon approaching T PM . This mode has also been observed in the PM phase of bulk Ni-Mn-Ga samples [30] and was identified as an amplitude mode. Indeed, this assignment is consistent with the proposed Fermi-surface nesting scenario [8] [9] [10] [11] 13] .
The origin of the modes in the M phase is not so obvious. In undoped thin films, the main mode is centered at ≈1.4 THz, while a much weaker mode is observed at ≈1 THz [ Fig. 1(c) ]. In stress-free bulk samples [30] , as well as in low-stress, thick films (B3), only the 1.4 THz mode can be clearly resolved. As T is raised towards T M , we observe a large decrease of the mode's frequencies by ≈20%, until they disappear near T M . In Co-doped films, the behavior is qualitatively similar (see Figs. 1 and 2 ), but the mode's frequencies are severely altered. The frequency of the dominant mode is about 40% lower, centered at ≈1 THz. In addition, there is a pronounced mode at ≈1.7 THz and a weaker one at ≈0.9 THz.
The system shows a strong mode softening and strong changes of the mode frequencies upon weak doping with Co. This is expected if the phase transition is driven by the electronic instability such as in the CDW scenario [22] as opposed to by simple zone folding (adaptive martensite scenario). Indeed, in standard CDW systems [22, 24, 25] numerous Raman active (q ¼ 0) modes appear in the CDW phase, showing comparable softening upon approaching the CDW ordering temperature T CDW .
In a typical (one-dimensional) Peierls-like CDW system, a phase transition is characterized by the appearance of a sinusoidal modulation of the conduction electron density and the corresponding lattice displacements with q CDW ¼ 2k F . It was shown recently [22, 25] be well explained in terms of a linear coupling between the electronic part of the order parameter and q CDW phonons of the high-T phase. In the simplest case of an incommensurate CDW with inversion symmetry, the electronic part of the order parameter may be represented by a complex Δ, whereby Δð−q CDW Þ ¼ Δ Ã ðq CDW Þ. The linear coupling of Δ with normal state phonons at q CDW gives rise to a P k c k Δξ k contribution to the free energy, where ξ k ðq CDW Þ are normal coordinates of phonon modes having the same symmetry as Δ. Thus, each of these q CDW phonons is expected to result in one Raman active mode below T CDW . In the case of strong coupling, however, higher-order coupling terms, such as Δ 2 ðq CDW Þξ k ð2q CDW Þ, may need to be included. In this case, coupling with phonons at 2q CDW , 3q CDW , 4q CDW , etc., would result in additional, though weaker, q ¼ 0 modes in the CDW phase [22, 25] . The fundamental difference between the CDW scenario and the rigid zone folding is that these low-T modes are collective modes of the system whose frequencies are strongly renormalized due to the coupling to the electronic order. This is also the reason for mode softening upon approaching T CDW .
To show that a CDW scenario can account for our observations, we performed STM studies on selected samples to investigate the static modulation of the surface. Fig. 3(c) , reveals a topography which is consistent with the idealized 52 stacking sequence with a periodicity of 14f110g atomic planes (14M). Larger area scans, however, show a distribution of modulation variations. This leads to a larger number of 43, as well as 44 and 53 combinations. The average pair length was 7.2 AE 0.1 layers for sample B2S.
Clearly, a single harmonic modulation is insufficient to describe a stackinglike modulation of the 14M phase. The FFT of the static atomic displacements of the idealized 5252 stacking structure along the [010] direction reveals that at least three modulation wave vectors are required to reproduce the structure, corresponding to q 1 . These three wave vectors can indeed be resolved in our STM data on sample B2S as shown in Fig. 4(a) . The STM data recorded on Co-doped films show, however, somewhat different periodicity. The modulation period recorded on sample C1S is about 13% larger, consistent with the modulation wave vector q max ð 1 2 ; 1 2 ; 0Þ. Again, a component at twice the wave vector is clearly resolved, implying a nonharmonic modulation. The data suggest a commensurate modulation with 53 stacking and a periodicity of eight atomic layers (or four unit cells). We refer to an ideal 53 modulated structure as 8M. While this is not a commonly encountered phase in the Ni-Mn-Ga system, it has been reported in Mn-rich films [31] .
In order to link the observed low-T collective modes to specific phonons of the austenite phase, we analyze the published neutron scattering data [9, 10] . The phonon dispersions along the modulation direction, q ¼ q max ðξ; ξ; 0Þ, recorded on a stoichiometric Ni 2 MnGa [9] are reproduced in Fig. 4(b) . The pronounced dip in the dispersion near q assignment of this mode to the amplitude mode of the PM phase. In the M phase, the frequencies of dominant modes are distinctly different between the undoped and Co-doped samples. Within the CDW scenario, the frequencies of dominant modes at T ≪ T M should be close to the bare phonon frequencies at q CDW , yet renormalized due to coupling to the electronic order. Indeed, for undoped samples the frequency of the dominant mode (≈1.4 THz) can be well linked to the frequency of the bare TA-2 mode at q 14M 1 . The reduction of frequency of the main mode to ≈1 THz in Co-doped samples can be attributed to the change in the CDW modulation wave vectors from q As shown in Figs. 1 and 2 , there are additional weaker modes in both undoped and Co-doped films. The weak mode at ≈1 THz observed in thin undoped samples matches the dominant mode in Co-doped (8M) films. In single crystalline samples [30] , as well as in thick films (B3), this mode is absent. Since in the nonstoichiometric thin films the STM data do show a high number of 53 stacking sequences, we attribute this mode to the mixing of the 8M phase into the dominant 14M phase. This can be caused both by nonstoichiometry and by the strain induced by the film-substrate lattice mismatch.
The nonharmonic static modulation suggests that higherorder coupling terms may be expected. When backfolded into the first Brillouin zone of the high-T phase, the second and the third wave vectors of the 14M structure are given by q ; 0Þ, respectively. Since these phonons are optical in nature, the corresponding low-T amplitude modes should appear at frequencies above 4 THz [9] . Given the higher-order coupling, implying lower amplitudes [25] , as well as the reduced sensitivity of the technique at high frequencies, their observation is beyond our reach.
In the Co-doped (8M) samples, q 8M 2 ¼ q max ð1; 1; 0Þ corresponds to the zone edge phonon, while q 8M 3 equals q 8M 1 . Here the mode at ≈1.75 THz could originate from quadratic coupling of the electronic part of the order parameter to the zone-edge phonon. Alternatively, this mode could results also from a coupling of the electronic order to a pair of acoustic phonons, whose sum of wave vectors matches q 8M 1 . Such invariants are also allowed in commensurate systems and should be more pronounced in the case of quadrupling of the unit cell (8M) as in the 14M phase.
Finally, the origin of the change in periodicity upon doping with 2%-4% of Co should be addressed. The CDW scenario suggests the change is a result of a change in the nesting wave vector. While the data on the evolution of the Fermi surface with doping are unavailable, there are numerous observations that support such a scenario. First of all, calculations of the static electronic susceptibility [15] suggest the contributions from the majority and minority spin are considerably different [16] . Since doping with Co is found to strongly affect both the total magnetic moment [32] [33] [34] as well as densities of states in the minority-and majority-spin channels [20, 32] , it is likely that the peak in the static electronic susceptibility is pushed from q max ð ; 0Þ. The impact of magnetism on the Fermi surface topology and the formation of modulated structures was studied also by ab initio methods [35, 36] . These also suggest the phase transitions in Ni-Mn-Ga result from an interplay between vibrational and magnetic effects.
In summary, we present a femtosecond optical study of undoped and Co-doped Ni-Mn-Ga thin films combined with STM measurements. Time-resolved data reveal the appearance of a number of low-frequency collective modes in the M phase. All modes display a pronounced softening upon approaching the M-phase transition from below, similar to amplitude modes of CDW systems. The assignment is consistent with the recent structural study on the photoinduced quenching and recovery of the martensitic modulation in off-stoichiometric Ni-Mn-Ga film [37] . Doping with ≈3% of Co results in dramatic changes in mode frequencies, while the STM data reveal a change in the modulation periodicity. When comparing the mode frequencies to the known phonon dispersion in the stoichiometric Ni 2 MnGa, we conclude that these collective modes are a result of strong coupling of the lattice to the underlying electronic instability. Our results imply a complex CDW ground state, with the nonharmonic martensitic modulation being a result of the higher-order coupling to the lattice. The nonharmonic lattice modulation can be consistently explained within the electronic instability scenario and higher-order coupling. Our results demonstrate strong dependence of the structural modulation to the underlying, spin-dependent, band structure. The interplay between the magnetic ordering and strong electron-lattice coupling can well account for the large variety of modulations found in the Ni-Mn-Ga system, since small changes in the two, due to stress or composition changes, can easily lead to changes in structural modulation.
